Abstract: Spectral gain measurements for two InGaAs-InAlGaAs multiple width quantum well structures, with inverse-configured active regions, have been presented. One structure consisted of wide quantum wells near the p-side and narrow quantum wells near the n-side of the active region. The other structure consisted of narrow quantum wells near the p-side of the active region with wider quantum wells near the n-side. It is shown that, for the same operating conditions, the structure with wide quantum wells on the p-side of the active region provided a 15% broader gain spectrum in comparison to the structure with narrow quantum wells on the p-side of the active region. The analysis of the results shows non-uniform carrier distribution across the active region of the structures, where the structure with wide quantum wells near the p-side of the active region provided 65% more gain in comparison to the structure with narrow quantum wells near the p-side of the active region. The gain distribution results have been compared with that obtained for the phosphorous quaternary structures in other literature and have shown there is some evidence to suggest that the gain distribution is more uniform in aluminium quaternary than phosphorous quaternary material.
Introduction
In order to design a multiple quantum well (MQW) laser to operate effectively, where all quantum wells in the active region contribute equally to the material gain, a good understanding of the spatial distribution of carriers through the active region is required. There is experimental and theoretical evidence that there is a non-uniform distribution of carriers, where the gain contribution from different wells varies within the same active region, resulting in a reduction of the number of effectively working quantum wells [1] . In this paper we present evidence that, for optical communication MQW lasers operating around 1550 nm, it is possible to have a more uniform distribution of carriers with the InAlGaAs (aluminium-quaternary) than has been previously reported for the InGaAsP (phosphorous-quaternary) material devices.
In the past, for semiconductor lasers operating at telecommunication wavelengths (1300 -1550 nm), much of the research and development effort have been devoted to phosphorous-quaternary-based QW lasers. However, the direct bandgap aluminium-quaternary material system, lattice matched to InP-based substrates, has in recent years started to yield productive results and is gaining attention for use in optical communications systems. Our main goal in this paper was to investigate the optical gain distribution across the active region of an aluminium-quaternary MQW structure with respect to the current injection, which may provide an insight into the distribution of carriers across the active region in this structure. The importance of this work is highlighted by the problem of non-uniform carrier distribution in conventional phosphorous-quaternary material, where previous work on deep valence band-offset in InGaAsP material reported it being a detrimental factor to device performance [2] . For the same total bandgap difference between the well and the barrier layers, an InAlGaAs material system provides larger conduction band discontinuity of E c =E g ¼ 0:72; in comparison to the value of E c =E g ¼ 0:40 for an InGaAsP material system, hence providing better electron confinement in the conduction band [3] .
To study gain distribution in an aluminium-quaternary material system, two InGaAs-InAlGaAs multiple width quantum wells (MWQW) structures (also referred to as asymmetric quantum well structure [4] ) were grown by metal-organic vapour phase epitaxy (MOVPE), with operating wavelength centred around 1550 nm. These two structures were identical except for having inverse-configured quantum wells in their active region; in other words (for example), if one structure has three QWs configured in the sequence of decreasing size from the p-side to the n-side of the active region, the second structure has the QWs configured in the sequence of increasing size. The technique of employing inverse-configured quantum wells in an active region has been used previously in various material systems to study the carrier distribution across the active region of an MQW laser [2, 5, 6] . These MWQW lasers are also of interest because they have been used as broad bandwidth lasers to obtain increased tuning range [7] and for modelocking to obtain decreased pulse width [8] . With our goal in mind, we employed the two MWQW structures to carry out spectral gain measurements and analyse the spectral gain data obtained from this experiment.
Wafer structures
The two inverse-configured structures we employed for the spectral gain measurements are referred to as structures A and B, as shown in Fig. 1 . The growth of both the MWQW wafer structures was undertaken on n-doped InP substrates by MOVPE, at 150Torr using low-oxygen-containing alkyls, at the III-V semiconductor facility at Sheffield University. Both wafers consisted of heavily p-doped ð5 Â 10 18 cm À3 Þ InGaAs contact layers; p and n-doped InP cladding layers ð2 Â 10 18 cm À3 Þ and un-doped InAlGaAs waveguide core, with the active region placed at the centre of the core. The active region of the two inverse-configured MWQW wafers consisted of three 6 nm, three 6.7 nm and three 7.4 nm latticed matched In 0:53 Ga 0:47 As quantum wells. As seen from Fig. 1 , structure A had the widest QWs (7.4 nm in width) in the p-side of the active region, whereas structure B had the narrowest QWs (6.0 nm in width) in the p-side of the active region. In both the structures, the QWs were separated by 9 nm-wide InAlGaAs barriers. The optical confinement factor calculated for each of our MWQW devices is 0.1206.
To calculate the energy gap between E 1 -HH 1 transition for quantum wells of width 6, 6.7 and 7.4 nm, a Schrödinger Numerical Problem Solver was used. Using the material parameters for In 0:53 Ga 0:47 As=In 0:53 Al 0:20 Ga 0:27 As shown in Table 1 , the energy gap calculated for 6, 6.7 and 7.4 nm-wide quantum wells is 807, 794, and 785 meV respectively. With respect to the experiment, these calculated values are intended to be indicative since the many-body processes [9] can change the operating wavelengths for the respective quantum wells in the MWQW structures. The material parameters for phosphorus-quaternary, calculated for a similar energy band gap to aluminium-quaternary material, are also given in Table 1 for reference.
Photoluminescence analysis
The photoluminescence (PL) measurements (Fig. 2) were carried out to assess the emission wavelength of structures A and B where the carriers are distributed more equally across the active region than under electrical injection. These measurements were performed at the same operating conditions, at 77 K and 300 K, using an Argon (514 nm) laser which excited carriers in both wells and barriers. It can be seen that the full-width half-maximum (FWHM) obtained for structure A (Figs. 2a and b) are approximately 5 -10% broader than that obtained for structure B (Figs. 2c and d). From Figs. 2a and b, the FWHM at 77 K and 300 K for structure A is 45 nm and 100 nm respectively. The emission peaks at 77 K and 300 K are 1420 and 1515 nm respectively. From Figs. 2c and d, the FWHM measured for structure B is 40 nm and 96 nm at 77 K and 300 K respectively. The peak emissions at 77 K and 300 K, for structure B, are at 1424 nm and 1510 nm, respectively. Since both A and B have an equal number of QWs and are nominally identical in dimensions and compositions, the PL spectra obtained for them differ in the range of 5 -10%; hence implying a nearly similar growth quality for both structures. The difference of 5 -10% (approximately 4 -5 nm for both 300 K and 77 K) is likely to be within the margin of error; however these differences may have also occurred as a result of slight differences in growth conditions of both the structures.
Spectral gain measurements and discussion
The spectral gain measurements in our experiment were carried out using a multi-section device technique mentioned in [11] . The gain measurements were carried out under pulsed current injection with the devices being temperature controlled and all the data taken at room temperature. The devices fabricated from structures A and B, for this experiment, are referred to as devices A and B, respectively. The TE gain spectra, obtained below the threshold for both the devices are shown in Fig. 3 . The three vertical lines included in the gain spectra corresponds to the calculated energy gap between E 1 -HH 1 transition for the 6.0, 6.7 and 7.4 nm QWs included in the active region of both structures A and B, as mentioned previously in Section 2. The transparency current density, J t ; where the semiconductor material gain is transparent, for structures A and B were estimated to be 2:3 kAcm À2 and 1:3 kAcm À2 ; respectively [12] , where they were calculated using the TE net modal gain and internal optical losses data of both structures. The mismatch in the transparency current density by a factor of two probably resulted because of higher diode turn-on voltage obtained for device A (1.5 Volts) in comparison to that for device B (0.7 Volts), measured in our preliminary experiments. The active region of device A appears to be unaffected by high diode turn-on voltage as the gain spectra for device A (Fig. 3a) shows inhomogeneous broadening with increasing current injection (resulting from the inclusion of the three multiple width quantum wells) and is centred around the expected 1550 nm wavelength. A possible explanation for the high diode turnon voltage obtained for device A is because of lower than designed doping concentration in either (or both) the contact ð5 Â 10 18 cm À3 Þ and upper-cladding ð2 Â 10 18 cm À3 Þ layers. This results in a significant proportion of voltage drop across the contact and upper cladding layers of device A without having any major affect on the active region.
Following are the relevant observations made from the TE gain spectra:
(1) The inhomogeneous spectral gain broadening is evident from relatively broad gain spectra, for both the devices, resulting from the inclusion of three sets of multiple width wells. ( 2) The widest 7.4 nm quantum wells, with lower density of states than 6.7 and 6.0 nm wells, contributes to net modal gain at lower current density compared to the narrow QWs. This is followed by net modal gain contribution from 6.7 and 6.0 nm QWs at current injection of: i) 1.6 and just below 2:4J t ; respectively, for device A; ii) 1.1 and 1:5J t ; respectively for device B. (3) For device A, the TE gain peak is centred around the 6.7 nm QWs, between current densities 2:4 -4:0J t : For device B, the TE peak gain is centred around 6.7 nm QWs between current injection of 1:9 -2:3J t ; however the gain peak shifts to the narrowest 6.0 nm QWs when the QWs are pumped to higher current injection ð3:1 -3:8J t Þ: (4) The proportion of gain contribution, from 6.0, 6.7 and 7.4 nm QWs in device A is more even than device B. For example, the peak gain contribution obtained, at current density injection of 4J t ; from 7.4, 6.7 and 6.0 nm QWs is 48.8, 63.7 and 57:9 cm À1 respectively; whereas the gain contribution from 6.0, 6.7 and 7.4 nm QWs in the active region of device B, for approximately similar operating condition, is 65.4, 53.8 and 28:6 cm À1 ; respectively.
If the carrier distribution across the active region of an MQW structure were uniform then the two structures, which are identical except for the configuration of quantum wells (one of the structures has an inverse arrangement of the QWs of the second structure), would have similar gain spectra under the same operating conditions. However, observations made from Fig. 3 shows that the gain spectra obtained for both devices A and B are not similar, indicating a variation of the carrier distribution across the active region of both the structures with the change in the quantum well configuration in the active region. Figure 4 shows a comparison between the peak gain contribution from 7.4, 6.7 and 6.0 nm QWs in both devices. This was examined to evaluate the importance the carrier distribution has on the gain contribution from each part of the active region when the quantum well configuration is reversed. The black line in the plot shows a good logarithmic fit corresponding to the experimental values obtained from both the devices, a feature generally observed in MQW lasers [13] .
From Fig. 4a , the wide 7.4 nm QWs in device A, located near the p-side of the active region, contribute to, on average, 65% more gain between 2:3 -4:0J t ; in comparison to the 7.4 nm QWs located near the n-side of the active region of device B. Observations made from Fig. 4c show that, at current injection of approximately 2:3J t ; the narrow 6.0 nm QWs, located near the p-side of the active region in device B, contribute to around three times more gain in comparison to the 6.0 nm QWs located near the n-side of the active region in device A. However, at high current injection ð4J t Þ; this difference in the gain contribution decreases to 20%: Finally from Fig. 4b , the 6.7 nm QWs, which are located in the centre of the active region in both the devices, show the least difference (ranging between 6 -10%) in the gain contribution, in comparison to the observations made from Fig. 4a for 7 .4 nm QWs and Fig. 4c for 6 .0 nm QWs. The fact there is little difference for the centre wells (6.7 nm) between the samples suggests that the experimental technique gives approximately consistent results.
Normalised gain concentration distribution across the active region of 7.4 nm and 6.0 nm structures is plotted with respect to current density and QWs location in the active region (Fig. 5 ) to obtain an insight into the gain distribution across a conventional InGaAs-InAlGaAs MQW structure. This was plotted with the experimental gain data obtained for both MWQW devices and using the gain at the centre of the active region as the calibration point, where the gain is approximately same between the samples. From Fig. 5 , it is observed that the uniformity of the gain concentration across the active region of a conventional MQW structure is dependent on the width of the QW. For the wide 7.4 nm MQW structure, the proportion of the gain distribution across the active region is approximately the same for varying current injection, with the gain concentration being 65% larger on the p-side than the n-side of the active region. For the narrow 6.0 nm MQW structure, however, the gain distribution is strongly uneven at lower current injection ð2:4J t Þ but appears to become more uniform at higher current injection ð3 -3:8J t Þ: The difference between the two bar charts for wide 7.4 nm QW and narrow 6.0 nm QW indicates that, at high current injection, the gain concentration can be as high as 40% more uniform across the active region of a narrow 6.0 nm than wide 7.4 nm InGaAsInAlGaAs MQW structure.
In order to compare the spectral gain bandwidth obtained for both the MWQW devices A and B, we calculated the full width half maximum (FWHM) of the TE gain spectra (Fig. 3) , at different current injections, as shown in Fig. 6a . From Fig. 6a , at lower current injection ð < 2:5J t Þ; both devices have approximately matching FWHM. However, with increasing current density injection, the FWHM obtained for device A gets slightly wider in comparison to device B. For example, at a current density injection of 4J t ; the FWHM obtained for device A is 86 nm in comparison to 75 nm obtained for device B, thus 15% wider. Figure 6b shows the spontaneous emission spectra for both devices. It can be clearly seen from Fig. 6b that the emission peaks for both devices correspond to the 6.7 nm and 6.0 nm QWS, in the respective active regions of both devices. In addition, device A provides approximately 19% broader spontaneous emission spectra than device B, a value closely matched to the 15% broader gain spectra obtained for device A in comparison to device B. The centre operating wavelength varies depending on the QW located near the p-side of the active region.
Observations made from all our results do indicate that the QWs near the p-side of the active region, in aluminiumquaternary material, do assist in providing a larger gain contribution than QWs near the n-side; this aspect is stronger for wide QWs near the p-side than the narrow QWs where a 15% wider gain spectra was obtained by including wide QWs near the p-side than the n-side. Similar behaviour in inverse-structures has been reported previously [5, 14] where a MWQW structure with a wide well on the p-side provides broader gain spectrum than having narrow wells on the p-side.
We compared the gain contribution difference of 65% obtained between the widest 7.4 nm QWs in both our aluminium-quaternary inverse MWQW structures with that reported by Hamp et al. [15, 16] , under similar conditions Hamp et al. [15] studied two inverse InGaAsP MWQW structures with the active region consisting of four wells in total with two sets of MWQW of widths 10 nm and 5 nm. These QWs were separated by 10 nm-wide barriers. They reported a 74% larger gain contribution from the wide 10 nm QWs when located near the p-side of the active region than the net gain contribution from those QWs when located near the n-side. This mismatch in the gain contribution between the wide QWs in the inverse-configured structures is about 9% larger than obtained in our case. They succeeded in reducing the gain contribution difference between the wide QWs in their MWQW inverse structures from 74% to 18% by reducing the barrier width from 10 nm to 5 nm. It has been previously reported that the non-uniformity of carriers increases with the number of QWs [16, 17] . Since we employed more than twice as many wells in our MWQW structure than the number of wells employed in the above mentioned InGaAsP structure [15] , the gain contribution difference between the wide QWs in the inverse-configured InGaAsP structure could possibly be larger than 9% in comparison to our aluminium-quaternary structure. In the other case [16] , they employed two inverse-configured InGaAsP MWQW structures with ten QWs in the active region with three different sets of MWQW, separated by 10 nm-wide barriers. In their experiment, they obtained 108 % higher gain from the widest QWs when located near the p-side of the active region than in the inverse configuration when the widest QWs were located near the n-side. These are larger differences than we report here with the aluminiumquaternary material and although these structures are not strictly comparable they provide some evidence that the gain is more uniform in the aluminium-quaternary material.
Conclusions
Spectral gain measurements have been carried out on two inverse-configured aluminium-quaternary MWQW structures. Observations made from the TE gain spectra showed that the structure with wider quantum wells near the p-side of the active region provided 15% wider gain spectrum in comparison to the structure with narrow quantum wells on the p-side. Ideally, with uniform carrier distribution, the inverse-configured structures in our experiment should have provided identical gain spectra. However it is important to realise that although the gain spectra obtained for devices A and B are not identical, a small difference of 15% in the FWHM of the gain spectrum, obtained for our inverseconfigured devices, in fact highlights a possible underlying advantage of employing aluminium-quaternary material in the active region, where shallower valence band-offset facilitates in providing uniform carrier distribution in comparison to the conventional phosphorus-quaternary QW material. The result also emphasises the problem of non-uniform carrier distribution in an active region of a structure, where, for the given current densities, the gain contribution from the 7.4 and 6.0 nm wells near the p-side of the active region provided 65% and 20%; respectively, more gain than wells on the n-side of the active region.
In addition, a small mismatch of 6 -10% in the gain contribution from the 6.7 nm QWs located in the centre of the active region of both the structures justified the process of employing an inverse-configured technique for studying the gain contribution from the QWs in the active region.
It would be reasonable to assume that the gain contribution from the 6.7 nm QWs in both the inverse-configured MWQW structures should be closely matched at similar operating conditions. Experimental results from our spectral gain measurements on aluminium-quaternary devices indicates uniformity of gain contribution, from the QWs across the active region, ranging between 9 -34% higher than the work reported on gain contribution from QWs in the phosphorus-quaternary devices.
